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SUMMARY 


This bulletin contains a procedure for preparing voltage 
drop studies of rural lines. 


The authors wish to express their appreciation for the 
assistance rendered by numerous engineers who provided 
information and offered suggestions for the improvement 
or this bulletin, particularly Mr. Lee M. Moore, Head, 
Consumers Service Section, who collaborated with the 
authors in preparing “Basic Data for Rural System Design" 
from which the peak demand curves used in this bulletin 
were obtained. 


PROCEDURE FOR MAKING VOLTAGE DROP STUDIES 


In accordance with the provisions of the Line Construction Engineering 
Service contract (Form DS-55, 1/1/42), project engineers are required 
to submit with the Plans and Specifications a voltage regulation study 
for each conductor group to be included in the contractor's proposal. 
For the sake of uniformity of records it is requested that these studies 
be submitted in accordance with the procedure outlined in this bulletin, 
which supersedes the procedure contained in Engineering Memorandum 33k. 


The previous instructions on voltage regulation (Engineering Memorandum 
43R) outlined a procedure for calculating voltage rise due to the high 
ratio of capacitance to. inductance on lightly loaded lines. Since this 
light load condition, which is sometimes present on newly constructed 
lines, is of relatively short duration and has practically disappeared 
from RFA systems; it was considered advisable’ to omit reference to volt- 
age rise calculations in this bulletin. 


A number of revisions have been madé in the procedure as well as in the 
data on which the study is based. The peak demand curves have been re- 
vised on the basis of.a study of the peak kilowatt demands of over 400 
rural systems and have been reproduced on log-log paper ae limit the 
number of pages necessary for their presentation. 


The sheet (Form TS-11) for calculating and tabulating the results has 
also been revised. This was done to simplify the procedure and to pro- 
vide for the inclusion of calculation of voltage drops due to concen- 
trated loads. 


The wire factor tables have been extended to include additional sizes of 
copper equivalent conductor as well as two sizes of steel conductor with 
a 10 ampere load current. The table also includes factors for 80 as well 
as 90 percent power factors. For those who are interested in the calcu- - 
lation of wire factors, the formula is explained in an addendum in the 
latter pages of this yeas 


A sample problem together with its solution is included in this bulletin 
to demonstrate the described procedure. It is recommended that these 
sample calculations be carefully followed and fully understood before 
any actuel computations are attempted. 


INSTRUCTIONS FOR MAKING A VOLTAGE DROP STUDY 


ve: 
(NOTE: These instructions supersede those of July 23, 1940.) e 


INFORMATION REQUIRED: 


As a basis for the preparation of a voltage drop study of a rural power 
distribution system, the following information relative to that system 
should be on hand. 


deck key map or load diagram of the system showing the primary distri- 


bution lines' wire size, phasing and location of concentrated loads. 


Although no provision is made for directly incorporating this infor- 
mation in the study, any areas which may reasonably be served by the 
eystem at some future date should be indicated on the key map. This 
will give an indication of whether or not any calculated voltage 

drops are excessive in the light of possible future line extensions. 


The number of signed and potential - (unsigned) consumers on each 
section of the system. These sections are to be determined in ac- 
cordance with the "Procedure" on page 5. When consumers are very 
unevenly distributed, their locations should be shown on the map. 


The average monthly kilowatt-nour consumption per consumer may be €E 
estimated from a knowledge of local conditions or from actual oper- 
ating records for the area. 


The size, number of phases, and location of any substantially large 
concentrated load. ae 


The approximate power factor of the distributed load and of the con- _ 
centrated loads should be known or may be assumed on a rational basis. 


ASSUMPTIONS ON WHICH STUDY IS BASED: 


i. 


Service is to be provided to all the signed consumers and fifty per- 
cent of the potential (unsigned) consumers. The percentage of poten- 
tial consumers may be changed by the project engineer with the 
approval.of REA if local conditions warrant such a change. 


The voltage drop in each section is the same as that which would exist 
if one-half of the load in the section being considered and all of the 
load beyond this section were concentrated at the end of the section 
away from the source of supply. This assumption avoids the necessity 
of calculating a load-center for each section and does not intro- 

duce appreciable error unless the load in the section is very unevenly 
distributed. 
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The loads on all three-phase lines are assumed to be palanced between « 
phases. on 
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1, These factors are based on values calculated at 25°C, with ground resistivity = 100 meter ohms. 


pes ’ . : f 
2, A factor has been added to account ‘for.ground contact resistance, 


3, To obtain wire factors for voltages not eect. assume that the wire factor varies inversely as the 
square of the voltage. 


Y. For sections of "V" phase, use one-half the corresponding single-phase wire factor. 


5. For singte phase lines connected to delta circuits, or with ungrounded neutral, use two times the 
three phase value, with proper line-to-line voltage. 


"6. Formula: percent drop in section = peak kilowatts x length in mites x wire factor. 
1000 


4, This study is based on the use of "wire factors" with the sending end 
voltage applied to the source end of each section of line considered. eo 

Since the actval voltage at each point in the system is generally lege 

than the sending end voltage, the voltage drops calculated by this 

method are not entirely accurate. In addition, a maximum voltage drop 

of sight percent is assumed on the system. The nearer the actual volt= 

age drop is to this aseumed value, the smaller is the error introduced, 

The total errors introduced by these two assumptions, which greatly 

simplify the calculations, will in general be quite small, but the pro= 

cedure should not be regarded as exact. 


PROCEDURE ; 


The first step is to divide the system into sections and assign letters or 
_numbers to the ends of the sections so that reference may be made to any 
particular section by the letters appearing at its ends. The letters should 
be placed on the map. The sections should be chosen so as to meet the 
following req3irements: 


1. Each section should have the same wire size throughout its length. 


2. Sections should start or end at points where there is a change in the 
number of phases. e 


3. Sections should be taken do that main junction points or points where 
long single-phase taps are taken off the main line aré at the end of @ f 
section. ae 


4, The consumers ‘in any section should be relatively evenly distributed 
throughovt the section. 


5. .Concentrated loads 2 (are seta ge larg ge power loads) should appear at the 
ends of the sections. 


After dividing the system into sections in accordance with the foregoing 
inetructions, Form TS-11 may be used for: Op CUA ‘ea percent voltage 
drop at the end of each section. 


INSTRUCTIONS FOR COMPLETING FORM TS-11 


These instructions are given for the individual columns in the order in 
which they appear on the form, which is the order in.which they should) be 

completed. It is recommended that persons unfamiliar with this: form follow 
through the entire form horizontally for each section. After the procedure 
has been mastered, considerable time may be saved by completing certain 
columns vertically before proceeding with the others. 


Colwm. (1). Starting at the farthest ends of the system from the subst) 
designate the section being considered by letters corresponding to the points 
previously marked on the map to indicate the ends of the sections. Thus A=C 
designates the section of line between points A and C, 


her ae 


aire oe 
24 eae mie) oe) 


Col umn yay: Show heré the number of potential (unsigned) consumers in 
he section. 


1 (4). Insert here the sum of the signed consumers and Srecha lp the 
unsigned, or potential, consumers (Column (2) plus one-half of Column (3)). 
This is in accordance with our first assumption that service is to be pro- 

vided to the signed and Pitty percent of the unsigned prospective coneunmers. ‘ 


Colin (5). This column shows the number of ultimate consumers who are to 
be s “suppiied power which must flow all the way through the section being con- 
‘gidored. Those figures are cbhtsined by adding the figures in Column (4) 

eg which pertain to sections beyone the shame being considered. 


“Colum, (6). This column shawe the equivalent number of consumers who are 
supplied th through the secvion being considered. These figures are obtained 
by adding one-half the ultimate (Column +) to the nuiber of consumers beyond 
this Baetian (Column 55 ferret 


‘Golam (7). This is the average kilowatt-hour consumption per month and is 
‘either obtained from operating reports in the case of energized systems or 
“may be estimated on the basis of a kncowle@ge of Iccal conditiens. 


). The peak kilowatt demand for the nuiber of consumers shown in a) 
! . (or the poak kilowatt demand for a concentrated. large vower, | 
‘1oad) is entered in thig column. For a distrib uted léad the peak kilowatt 
Be, ig read directly from curve set ne i for i muaber of consumers 


Show here the total length, in miles, of the section being 


> 


. The kilowatt-miles which is the product of the figures in 
and Column ae is entered in this colum. 


eae at 28 copper ed Ave iett oe Fs) otherwise noted on the form. 


Column (12). a arieate here the number of phases in the section of line 
oetor considerats on and the line to ground kilovolts. 


es (13). These values are taken from the table of wire-factors for 
the conductor size, number of phases, and voltage given in Colum (11) 

and (12). It should be noted that these factors apply only to multi- 
grounded systems constructed in accordance with REA epecifications., Note — 
hat for "V" phase lines the pate factor is one-half that of the single phase 
Be peter 


Column (14), In this procedure the percent voltage drops caused by oe 
concentrated power loads are considered separately for each section. 
This colwm is used for tabuleting that portion of the percent voltage — 
drop in the section due to a large power load beyond the section. The 
values are obtained by applying the equation, percent voltage drop = 
(kw-miles) x (wire factor), to the values in columns (10) and (i3). 
L000; 8 57 . 
Colum (15). The percent voltage drop in the section due to distributed 
load is entered in this column. These values are also obtained by 
applying the above equation to the values in Columns (10) and (13). 


Column (16). For sections in which the voltage drop is partially 
caused by concentrated (large power) loads and pertially by dis- 
tributed loads, the totel dron in the eection is shown in this column. 


Column (17). These figures show the percent voltage drop at the far 

end of each section. They are found by starting with the section 

nearest to the source and summing up the voltage drops in all the 

sections between the source and ths soction being considered including 

the voltage drop in the section being considered. The voltage drops 
thus calculated therefore apply at the far ends of the sections con- @ 
sidered. The percent voltage drop calculated by this procedure is 

the ratio of the voltage drop to the source voltage expressed in 

percent. 


Column (18). This column shows the point at which the calculated 
voltage drop applies. The letters designate the far ends of the 
respective sections of Column (1). 


SAMPLE VOLTAGE DROP COMPUTATION 


Before attempting to prepare a voltage regulation study of any actual 
system, the following example should be followed through and be thoroughly * 
understood. 


On the load diagram for Somestate 14 Jones which is submitted in lieu of 
a key map, data are given for preparing a voltage drop study. The con- 
sumers are assumed to be evenly distributed throughout the sections 
except that a concentrated load is supplied at point H. In addition, 
the average kilowatt-hours used per month is approximately one hundred 
at ninety percent power factor, and the line to ground voltage on the 
system is 7,200 volts. 
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ADMINISTRAT FON | Checked by 


er tt) eS) Laer (o) | Soe (7) (9) (10) Cayo ot ey et (14) (15) (16) vee a7, 
+ NUMBER OF CONSUMERS | | Lexcrs i con] @ a , % VOLTAGE DROP 
AS : ie Shee Pee y loucror| 
= TEN- | THIS |LENT THIS | meee MILES | CU. 
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The first sectionicénsidered is C-A. From the tatulation on the load 2 oe 
diagram, the signed consumers (C>1umh (2)) equals sixteen, and the eh: 
potential consumes (Colin (3)) equale seven. Sitice the ultimate Pe 
consumers (Coluwtn (4)} équais the gigned plus one-half. the potential 

consuers, the ultimate number is 19.5. There are no consumers beyond — 

this section, go that the equivalent conevwmers in the section equal | 

one-half the ultimate, or: 9.75. . The kilowatt peak, é1 i ght, is read 


direct from curve bhaeh: #1 for: 9. 75 consumers on the curve for 


100 kilowatt-hours per menth. The product of: eight kilowatts and. 
4.8 miles ig 38.4 kilowatt-miles in Column (10). The wire factor, 
6.70, in Column 3), is obtained from the wire factor table for a 
single aan line, with #6 ‘copper equir valent conductor, 90% power 
factor and 7,200 volts ino seas -ground. Combining:Colums (10) and 
(13) in thet fovea for percent voltegze drop gives a value of 0.257 
for Colman (15): 28 the percent nad in ie ion Can 


The above ee A is the sane for Sect ten D-E. Section C-D, how- 


ever, involves distributed lod beyond the section ene consequently 
the Ghee eine for Columns (5) through (8) is slightly. different. 
The number of: consumers in Colwan (5) is the sum of the consumers 


beyond the section which it this instance is fiftesn. The equivalent d ® 


/ consumere supplied through this section ae equal to fi fteen (Column 


(5)) plus one-half of 17.5 (Column 4) = 23,75. The peak sea 
load (Column.8) is then found from Curve Sheet #1 for 23.75 consumers 
and: the curve for 100 kilowatt-hours per- month. ‘The nSee for 
filling in the renaining co Tins is the same as previduely discussed. 


+ 


‘For: the pene ateyana load . cee pbink H ‘the procedure is slightly 


different but is calculated el pines for. each section as, for in- 
stance, section M-H. .The type of load is indicated’ in Columns (2) 
through (7). Column (8) shows the peak kilowatt load concentrated 
av point Has given on the Load Diagram. Columns (9), (10), (11) 
and (12) are completed with ‘the same:considerations ag previously 
mentioned. The wire factor, 1. 90, is found on the wire factor table 
for a Pseeetstinigiicn load, with #6 conductor, 80% powor factor, and 

200 / (12,450 volta. The voltage drop due to the concentrated load 
ie noted as 0:361. in Colum (14). The sane. procedure is followed 
for each section through which the concentrated load is supplied. 


To ‘find the total cumilative a at each’ point, start with the drops 
irom concentrated and distributed loads) in section S-1 for point I, a 
and add the drops in ea ch section successively to. the far ends of tho nae 
‘lines : ) 
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jess than one percent. 


i) tat Bg - RI cos:0 - XI 


Voltage drop = 


1,000 (KW) 


the percent voltage drop = 


t 


Reactance. of the 


If the quadrature components of he 
errors introduced in the calculations of Ey for the wire sizes on 
REA lines and the power factors et which they operate, should be 
The quadrature 
be neglected, and the receiving end voltage then becomes 


ae anion pdinbe aSente adiaeen | -satpsien KS Boe 


coMPORAT TON OF WIRE FACTORS 


“For known sending end poe itt Lons ane i. cant power factor, the vector 
Magra my be deve loped as follows 


2 mm Ge 
1 Cas @ es ts 
¥ i eT Cose 
seg 
Sok LES @ 
Bs fae | 
an 
f “= pee: | I< Cos egy 
oe 
utane KISSING 
E, = Sending end voltage 
I = Line current 
Ep =,Receiving end voltage 
Cos © = Powtr factor 
R* = Resietance of the circuit per mile 
X* = circuit per mile 


_ From this vector diagram the equation for the receiving end voltage | 
can be written as follows for one mile of line. 


ONE eR ae eae ne I em a A a 


‘(Bg - RI cos 9~ XI sin 9 e 1 {RI sin Q-KI cos 0 ye 


voltage drop are neglected, the 


components can therefore 


sin 0 E, - I (R cop @ / X sin 9). The 


where KW = load in kilowatts and. .PF 


(R cos 9 


latter part of the equation, I (R cos © 4 X sin 0), represents the 
voltage ae For gingle phase line T = 


“Kw (1,000) 
PE 


Ep 
= power 


= 
Sac 


tor of the load. 


BS. NOTE: A slight additional error is introduced in these computations 
Yam by the assumption that the ReneS and receiving end power 
factors are the same. 


Substituting the above value of current in the equation for voltage 


_ drop for a line -S miles long results in the equation: 


X sin 9) or 


a, 


With an assumed maximum voltage drop of 8% at the ond of the systen, e 
the average drop equals 4%, or on the average ER= 0.96 E,. Sub- Nese 
stituting “this value in the above equation and expressing the poten- i 
ial in kilovolts gives: % voltage drop = KW(S) (Keos0 # X sin 8) 100 
| ‘1,000 (.96:) PF {Kye 


To allow for ground contact resistance and differences in ground 
resistivity for single phase lines, an arbitrary increase of 5% is 
allowed in the voltage drop. This addition should more than take. 
care of the errors cnused by variations in the cireuit impedance. 

The equation in its final form then becomes: 


% voltage drop = 


For three-phase voltage drop calculations the factor for ground con- 

tact re Ten ne should be omitted, and the total Kw load’ should be 
vided by three to get it in terms ae Load per phass.. Incorporating 

these c changes in the voltage drop equation gives: 


4 Hates ge drop = EW (S) (R cos O 4 X sin Q) 100 
3;000' (964) PR (iy Je 3 


Both the single-phase and the three-phase voltage drop equations 
contein ‘eousbante and other factors which ere independent of the 

load and the length of line considered. Since these factors can be 
restricted to a limited number of values as far age REA line conditions 
arc concerned, they can be grouped together in what we term a "wire 
factor." Wire factor values may then be calculated for the various 
combinations or voltage, power factor and wire size likely to be 
encountered on REA lines. - 


These wire factor equations are: Boh hes gece 


Wire Factor > (R ¢éos 9 #4 X sin 9) 105 for single: phase lines 


C96) FFG 


and Wire Factor = (R cos 0 / X sin 9) 100 for three phase lines. 


(96) PF (kvje 3 


* Theee values of resi ‘ctance per Peer mile have been Oe 
calculated for single a ©: Die eo mile. néed neutral lines eh 
for the types and sizes ors onductors ngs used on REA-financed 
Systems. These impedance values are presented in Technical Standards 
Bulletin #4 entitled "Procedure, for Making a Sectionalizing Study on ie 
Rurel Electric Syetens," by Bruce 0. Watkins assisted by Donnan By fans ye 
Bagler and James R. Overholtzer, published by the Rural Electrification € 
Administration of the U. S. Department .ef Agriculture. 


